8 miRNAs are small regulatory RNAs involved in the regulation of translation of target 9 transcripts. miRNA biogenesis is a multi-step process starting with the cleavage of the 10 primary miRNA transcript in the nucleus by the Microprocessor complex. Endogenous 11 processing of pri-miRNAs is challenging to study and the in vivo kinetics of this process is 12 not known. Here, we present a method for determining the processing kinetics of pri-miRNAs 13 within intact cells over time using a pulse-chase approach to obtain nascent RNA within a 1-14 hour window after labeling with bromouridine. We show, that pri-miRNAs exhibit different 15 processing kinetics ranging from fast over intermediate to slow processing and provide 16 evidence that pri-miRNA processing can occur both co-transcriptionally and post-17 transcriptionally. 18 100 for known motifs associated with pri-miRNA processing efficiency depicted as relative 101 occurrence for each of the groups of pri-miRNA processing kinetics. 102 8 the group of Slow processed pri-miRNAs most processing occurs after 45'. While the fast and 103 the intermediate processed pri-miRNAs all obtain a complete processing within 75', several 104 of the slow processed pri-miRNAs are less than 50% processed at the 75' time point. The 105 presence of sequence motifs around the pre-miRNA and within the hairpin-loop have been 106 shown to affect processing efficiency of pri-miRNAs (3, 4), namely the UG(-14) 14 nts 107 upstream of the pre-miRNA (3); GC(-13) 13 nts upstream of the pre-miRNA (4); the CNNC 108 motif 16-18 (3) or 16-24 (4) nts downstream of the pre-miRNA as well as the GUG or UGU 109 stem-loop motif (3). While these motifs are reported to associate with better processing only 110 the CNNC motif is abundantly present in mammalian pri-miRNAs. In fact we see the CNNC 111 motif in most pri-miRNAs analyzed with a preference for Fast over Intermediate over Slow 112 processed pri-miRNAs, especially when considering the CNNC(16-24) motif (Figure 2d ). We 113 do not see a general enrichment of the UG(-14), GU(-13) or the GUG or UGU motifs for the 114 analyzed pri-miRNAs (Figure 2d ).
Introduction
19 microRNAs (miRNA) are small RNAs that mediate posttranscriptional regulation of gene 20 expression (1). miRNAs are transcribed as primary transcripts as long as 30kb and processed 21 by the Microprocessor complex in the nucleus (2). The Microprocessor complex is the 22 minimal complex required for pri-miRNA processing in vitro consisting of the two proteins 23 Drosha and DGCR8 (2).
24
Several features, such as sequence-motifs around the precursor miRNA (pre-miRNA) hairpin 25 in the primary miRNA (pri-miRNA) transcript (3, 4) and within the hairpin loop (3) have 26 been shown to be involved in processing efficiency in mammals. Furthermore, early studies 27 of pri-miRNA transcripts have reported a co-transcripitonal processing by the Microprocessor 28 complex (5, 6) using mostly in vitro assays and studies of single endogenous examples. The 29 retention of pri-miRNAs at chromatin by factors such as HP1BP3 has also been suggested to 30 be important for efficient pri-miRNA processing (7) . The state-of-the-art methodologies are, 31 however, not able to address the general and in vivo dynamics of pri-miRNA processing.
32
We have previously shown, that sequencing of the chromatin-associated RNA can reveal the 33 steady-state processing efficiency of individual pri-miRNAs within the cell, demonstrating 34 pri-miRNA processing as one of the most important factors for determining the level of 35 mature miRNAs (4). To further follow processing of pri-miRNAs endogenously over time 36 without constraints of their cellular localization or differential transcription rates we followed 37 a nascent RNA sequencing protocol (8). We show that pri-miRNAs exhibit different 38 processing kinetics both within the same polycistronic transcript and with respect to 39 transcription and release from chromatin.
4

Results
41
Set-up of nascent RNA pulse-chase sequencing 42 RNA-sequencing yields an average view of RNA in the cell or in the respective purified 43 subcellular compartment, reflecting a mixture of RNA of different age compared to the time 44 of transcription. To follow RNA from transcription through processing, nascent RNA can be 45 obtained by labeling actively transcribed RNA with a pulse of a modified nucleotide (e.g.
46
Bromouridine (BrU) (8)) that allows for subsequent purification. 
5
To expand our previous studies of steady-state pri-miRNA processing efficiency we used 57 nascent RNA obtained after a short (15 min) BrU pulse and subsequent chase for 0, 15, 30 58 and 60 minutes (Samples 15, 30, 45 and 75 min after BrU, respectively) to follow the kinetics 59 of the processing (Figure 1a ). We subjected total nascent RNA from all time points obtained 60 from HEK293 cells to next-generation sequencing using an Illumina Hi-Seq 2500 to obtain 61 around 200 M reads per sample.
63
In vivo profiles of processing kinetics from whole cells 64
We have previously reported a characteristic profile for steady-state chromatin-associated 65 RNA around the site of pre-miRNA processing within the pri-miRNA transcript (4) ( Figure   66 1b). Following the nascent RNA during the chase we can follow the time-course of 67 processing of pri-miRNAs in HEK293 cells. Interestingly, for the 38 pri-miRNAs where we 68 see a pronounced profile (4) ( Supplementary Table 1 ) we observe different processing 69 kinetics across pri-miRNA transcripts, and within polycistronic pri-miRNAs. The profiles for Table 1 ). For several pri-miRNAs we observe a very low processing efficiency at 15' (after 91 15' BrU labeling, 0 min chase), arguing that we are able to capture some pri-miRNAs even 92 before the processing by the Microprocessor complex takes place. Based on the processing 93 kinetics we group pri-miRNAs into three groups: Fast processed (Figure 2a 
164
To determine the dissociation rate of pri-miRNAs from chromatin, and to support our 165 hypothesis that this can be estimated by the processing efficiency of chromatin-associated 166 RNA, we isolated the chromatin and nucleoplasmic fractions of cells after a pulse labeling 167 with BrU and chase for the same time-points (Figure 4d-g) . Here, we show that for both miR-168 11 221/222 and let-7a/f the half-life at chromatin is 32-34 min, in agreement with the estimate 169 from the dynamic pri-miRNA processing efficiency and in support of a model where
170
Intermediate processed pri-miRNAs are more efficiently processed post-transcriptionally at 171 their release from chromatin (Figure 4d-e ). We furthermore show that pri-miRNAs 172 accumulate in the nucleoplasmic fraction until 45' after the pulse with BrU supporting an 173 incomplete processing at chromatin (Figure 4f 
184
While previous work has proposed pri-miRNA processing to be an exclusively co-185 transcripitonal event (5, 6) it also suggested Drosha cleavage of the pri-miRNA as a relatively 186 slow process (6). To this end we observe processing half-lifes of the groups of pri-miRNAs of 187 8 and 41 minutes respectively for the fast and intermediate processed pri-miRNAs. This is not 188 in agreement with an exclusively co-transcriptional processing but fits well with Drosha 189 cleavage being a relatively slow process. We observe, that the group of Intermediate 
195
While factors responsible for chromatin-retention (7) or chromatin-release could play an 196 important role in this process, we see chromatin-release of pri-miRNAs at comparable times 197 after transcription for pri-miRNA transcripts showing different processing kinetics, arguing 198 that chromatin retention is not the determining factor for pri-miRNA processing kinetics. In 199 fact, the fast processed pri-miRNAs show a slightly faster release from chromatin than the 200 intermediate and slow processed pri-miRNAs, in contrast to a model where a tighter 201 association to chromatin increases processing efficiency as suggested in (7).
202
Drosha, the active part of the Microprocessor complex in cleaving pri-miRNAs, has been 203 shown to be recruited to pri-miRNAs at chromatin co-transcripitonally (6), in some cases by 204 the RNA-binding protein FUS (14). A possible scenario explaining that processing does not 205 take place immediately for Intermediate and Slow processed pri-miRNAs could be that 206 inhibitory factors associating to chromatin prevent co-transcriptional processing. As Drosha is 207 recruited co-transcripitonally, these proteins could inhibit the activity of the chromatin- 
227
For the chromatin-release assay cells were labeled with BrU and chased as described above.
228
After the chase for the respective time points cells were fractionated as described in (15) 
